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Abstract—This paper considers a two-way data exchanging
system with a constant powered access point and an energy-
harvesting powered smart device. The access point simultane-
ously transmits information and energy to the smart device with
fixed powers ρ¯Pt and ρPt, respectively. Upon collecting enough
energy, the smart device performs one block of transmission
immediately. We investigate the timeless of the two-way data
exchange in terms of age of information (AoI). Specifically,
we investigate the trade-off between downlink timeliness and
uplink timeliness by optimizing the weighted-sum average AoI.
Moreover, we provide a gradient based method to compute
this ratio numerically. Our numerical results show that power-
splitting based systems outperform time-splitting based systems
in terms of timeliness in general.
Index Terms—Age of information, status update system, energy
harvesting, two-way data exchange.
I. INTRODUCTION
In modern real-time monitoring/controlling applications
such as status-sensing of environment, position/speed/ac-
celeration monitoring of vehicles [1], providing timely in-
formation updates is an important and critical objective of
system designs [2]. In this kind of real-time applications, how-
ever, neither traditional delay nor throughput is an adequate
timeliness measure [3]. Note that when updates arrive very
infrequently, the latest received update might be generated a
long time ago and hence is not fresh, even if its delay is small;
When the throughput is high, the received updates often suffer
from large queueing delays and would also be not fresh. In
[4], therefore, age of information(AoI) which is defined as the
difference between the current epoch and the generation epoch
of the latest received update was proposed.
The AoI measure has been used to evaluate the timeliness of
many communication systems. Since the AoI of an updating
system is jointly determined by its arrival process and its
service process, most related studies were developed based
on queuing theory. For instance, the average AoI of M/M/1,
M/D/1, D/M/1 queueing systems under the first-come-first-
served (FCFS) policy were presented in [4]. Subsequently, the
average AoI in other queuing model such as D/G/1 queue
was given in [5]. Moreover, the average AoI of updating
systems under other service policies such as the last-come-
first-served (LCFS) policy [6], the zero-wait policy [7] were
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also well studied. In particular, it was shown in [8] that the
LCFS policy with preemption can minimize the average AoI
of updating systems.
In many practical remote monitoring systems, the battery
of sensors are often limited and cannot be recharged due to
their unaccessible deployments. To ensure the continuous and
reliable functioning of these systems, wireless power transfer
(WPT) have been widely used as a promising solution in [9].
In [10], the authors showed that by using optimized beam-
forming, the efficiency of energy transfer can be improved.
In [11], [12], the average AoI of a two-way data exchange
system was presented, where a master node possesses the
unique power supply of the system and transfers energy and
data to the slave node alternatively, i.e., using the time-
splitting scheme. Although the paper has presented a full
characterization of the data exchanging capability of the two-
way data exchange system, the master node and the slave node
cannot transmit data at the same time.
In this paper, we consider a unilaterally powered two-way
data exchanging-system with power-splitting, where an access
point and a smart device exchange their own data over block
Rayleigh fading channels. Moreover, we split the transmit
power of the access point into two parts: the power used for
information transmission with proportion ρ¯ and the power for
energy transfer with proportion ρ. In doing so, information
transmission and energy transfer to the smart device can be
performed simultaneously. Once the smart device has collected
enough energy to perform one block of transmission, it starts
to transmit immediately. At both the access point and the
smart device, we assume that new data packets are generated
immediately after the transmission completion of the previous
packet, i.e., following the zero-wait policy. For both downlink
and uplink transmissions, we then derive closed form average
AoI. We also consider how the power-splitting ratio ρ affects
the weighted-sum average AoI of the system. In particular, we
obtained the optimal power-splitting ratio ρ∗ of this power-
splitting system.
The rest of the paper is organized as follows. In Section
II, we describe the specific model of the system and the
formulation of the optimization problem. In section III, we
obtain the explicit form of average AoI for both downlink
and uplink communications. The weighted-sum average AoI is
optimized over the power-splitting ratio in Section IV. Finally,
we present our simulation results in Section V and conclude
the paper in Section VI.
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Fig. 1. Two-way data exchanging system with wireless power transfer.
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Fig. 2. Sample path of downlink AoI ∆D(n) (the upper envelop in
hold).
II. SYSTEM MODEL
As shown in Fig. 1, we consider a two-way data exchange
system based on power-splitting, where an access point and
a smart device exchange their own data in packets via block
fading channels. The access point has a constant power supply
with power Pt while the smart device does not. The transmit
power of the access point is split into two parts with a power-
splitting ratio ρ, where the first part at power Pd = ρ¯Pt is
used for the downlink information transmission and the other
part at power Pe = ρPt is used for the energy transfer to the
smart device (ρ¯+ ρ = 1).
A. Channel and Energy Harvesting Model
We assume that the channels suffer from block Rayleigh-
fading and additive white white Gaussian noise(AWGN), so
the power gain γn follows exponential distribution fγ(x) =
λe−λx. We assume that the received signal-to-noise ratios
(SNRs) are much smaller than unity at both the access point
and the smart device. In addition, the downlink and uplink
transmissions are carried out at different frequencies bands.
Let TB be the block length, d be the distance between the
access point and the smart device, α be the path-loss exponent,
W be the limited system bandwidth, and N0 be the noise
spectrum density. We set the uplink transmit power the same
as the average received power from downlink power transfer,
i.e., Pu =
ρPt
λdα . Thus, the data (in nats) that can be transmitted
in a block over the downlink channel and the uplink channel
would be, respectively,
bdn = TBW ln
(
1 +
ρ¯Ptγn
dαWN0
)
≈
ρ¯PtTBγn
dαN0
, (1)
bui = TBW ln
(
1 +
ρPtγi
λd2αWN0
)
≈
ρPtTBγi
λd2αN0
. (2)
Hence, both bdn and b
u
i follow the exponential distribution.
We denote the energy transfer efficiency as η, then the
energy collected by the smart device in block n is
En = ηρPtTBd
−αγn, (3)
where the block n is the period between epoch n and epoch
n + 1. The smart device will not start transmitting data to
the access point until it has collected sufficient energy for
a block of transmission. Moreover, the access point and the
smart device will generate a new packet immediately after the
previous packet is completely transmitted.
By definition, the downlink AoI is the difference between
current epoch n and the generation epoch UD(n) of the latest
packet received by the smart device. That is
∆D(n) = n− UD(n). (4)
Fig. 2 depicts a sample path of downlink AoI ∆D(n).
The access point generates a packet at epoch n1, and its
transmission is completed at epoch n′1. When the access point
detects the completion of the first packet at n′1, a new packet
would be generated immediately. It is clear that n′1 and n2
coincide with each other. Thus, all the packets do not need
to wait for its transmission and the waiting time is zero.
Therefore, the time that a packet spends in the system is equal
to its service time Sk.
In a period of time with N blocks, we suppose that the
smart device receivesK packets. The data rate of the downlink
transmission can then be expressed as p = KN . Furthermore,
the average downlink AoI during this period is given by ∆¯D =
1
N
∑N
n=1∆D(n).
As N approaches infinity, the average downlink AoI and
the downlink rate of the system are, respectively, given by
∆¯D = lim
N→∞
1
N
(
Q0 +
K−1∑
k=1
Qk +
1
2
SK(SK + 1)
)
, (5)
p = lim
N→∞
K
N
, (6)
where Qk is the difference between the areas of the two
triangles whose side length difference is Sk, as show in Fig.
2.
Likewise, we can get the similar average uplink AoI and
uplink data rate.
B. Problem Formulation
As far as the two-way data exchange system is concerned,
we cannot analyze the timeliness of uplink transmission and
downlink transmission in isolation. Instead, we need to inves-
tigate the overall timeliness. According to the priority of the
access point and the smart device, we use w(0 ≤ w ≤ 1) and
w¯ as the weighting coefficients for the uplink transmission
process and the downlink transmission process, respectively.
3Since the transmission power of the access point is fixed,
the information transmission and the energy transfer in the
downlink are mutually restricted. The energy transfer process
directly affects the average uplink AoI, so the average down-
link/uplink AoI are also mutually constrained. Therefore, we
are interested in the following optimization problems.
Problem 1: Minimizing the weighted-sum average AoI.
min
ρ
∆¯ = w¯∆¯D + w∆¯U, (7)
s.t. 0 ≤ ρ ≤ 1,
0 ≤ w ≤ 1.
III. AVERAGE DOWNLINK/UPLINK AOI
In this section, we first investigate the statistic property of
downlink service time. After that, we shall derive the average
downlink AoI in closed form. Finally, we study the energy
harvesting process and derive the average uplink AoI in closed
form.
A. Downlink Service Time and Average Downlink AoI
The downlink service time SD is the number of blocks
required to complete the transmission of a packet. In particular,
the probability distribution pSj = Pr{SD = j} of SD is given
by the following proposition.
Proposition 1: The probability distribution of downlink ser-
vice time SD is given by
pSj =
( θρ¯)
j−1
(j − 1)!
e−
θ
ρ¯ , for j = 1, 2, . . . , (8)
where
θ =
λlN0d
α
PtTB
. (9)
Proof: See Appendix A.
The probability generating function (PGF) and the first two
order moments of SD are given by, respectively,
GS(z) = E(z
S) = ze
θ
ρ¯
(z−1), (10)
E(SD) = lim
z→1−
G′S(z) = 1 +
θ
ρ¯
, (11)
E(S2D) = lim
z→1−
G′′S (z) +G
′
S(z) =
(θ
ρ¯
)2
+
3θ
ρ¯
+ 1. (12)
Note that E(S) = 1 + θρ¯ is the average downlink service
time of packets and θρ¯ is the ratio between packet length l and
the average amount of information that can be transmitted in
a block.
Based on the system model and the previous analysis, the
average downlink AoI can be readily obtained, as shown in
the following theorem.
Theorem 1: If 0 < ρ < 1, the average downlink AoI is,
given by
∆¯D = 1 +
θ
ρ¯
+
( θρ¯ )
2 + 4 θρ¯ + 2
2(1 + θρ¯ )
, (13)
where θ = λlN0d
α
PtTB
. Otherwise, it would be infinitely large.
Proof: See Appendix B.
B. Energy Harvesting Process and Average Uplink AoI
We denote the energy collected in the i-th block and a period
consisting of j blocks as Ei and ej , respectively. We then have
ej =
j∑
i=1
Ei =
ηρPtTB
dα
j∑
i=1
γi. (14)
According to [12], we have fej (x) =
µxj−1
(j−1)!e
−µx.
Let τH be the number of blocks for the smart device to
accumulate enough energy to perform a block of transmission.
Since τH may occasionally be smaller than unity, we further
denote s = max{1, τH}. According to [12],
Pr{τH = j} =
( 1η )
j
j!
e−
1
η , (15)
E(s) =
1
η
+ e−
1
η . (16)
We denote the number of transmissions to complete a packet
over uplink as S. Since the uplink service time SU is the sum
of S and the time si to accumulate energy for each block-of-
transmission, we have SU =
∑S
i=1 si.
The PGF and the first two order moments of SU can be
readily obtained as
pSj =
1
(j − 1)!
(λθdα
ρ
)j−1
e−
λθdα
ρ , (17)
GS(z) = ze
λθdα
ρ
(z−1), (18)
E(S) = 1 +
λθdα
ρ
, (19)
E(S2) =
(λθdα
ρ
)2
+
3λθdα
ρ
+ 1. (20)
The moments of si and SU can then be given by the
following proposition.
Proposition 2: The first two order moments of uplink ser-
vice time SU and si are, respectively, given by
E(si) =
1
η
+ e−
1
η , (21)
E(s2i ) =
1
η2
+
1
η
+ e−
1
η , (22)
E(SU) =
(
1 +
λθdα
ρ
)(1
η
+ e−
1
η
)
, (23)
E(S2U) =
(
1 +
λθdα
ρ
)( 1
η2
+
1
η
+ e−
1
η
)
+
((λθdα
ρ
)2
+
2λθdα
ρ
)(1
η
+ e−
1
η
)2
. (24)
Proof: See Appendix C.
Based on previous results, we get the following theorem.
Theorem 2: Given that 0 < ρ < 1, the average uplink AoI
would be
∆¯U =
3
2
(
1 +
λθdα
ρ
)(1
η
+ e−
1
η
)
+
1
2
+
1
2
1
η + η2e−
1
η
−
1
2
ρ
ρ+ λθdα
(1
η
+ e−
1
η
)
. (25)
Proof: See Appendix D.
4Algorithm 1 Iterative solution to ρ∗(w)
Initialization:
1: Set the initial power-splitting ratio ρ0 ,
2: Set the maximum error εmax , the maximum number of iterations nmax;
Iteration:
3: while n ≤ nmax , |ρ(n+ 1)− ρ(n)| ≤ εmax do
4: update ∆¯ using (7), (13) and (25);
5: ρ(n+ 1) = ρ(n) − d∆¯/d2∆¯;
6: n = n+ 1;
7: end while
IV. DOWNLINK-UPLINK TRADE-OFF OF SYSTEM
FRESHNESS
For a given w, by taking the derivative of the objective
function in Problem 1 with respect to ρ, we have
∂∆¯
∂ρ
=(1− w)
(
3θ
2(1− ρ)2
+
θ
2(1 + θ − ρ)2
)
+ w
(
−
3a
2
λθdα
ρ2
−
a
2
λθdα
(ρ+ λθdα)2
)
, (26)
where a = 1η + e
− 1
η .
We note that for each ρ ∈ [0, 1], (26) is a continuous and
derivable function. Also, it can be readily shown that
∂∆¯
∂ρ
∣∣∣
ρ=0
< 0,
∂∆¯
∂ρ
∣∣∣
ρ=1
> 0,
∂2∆¯
∂ρ2
∣∣∣
0<ρ<1
> 0. (27)
Therefore, there would be exactly one ρ⋄ ∈ (0, 1) satisfying
∂∆¯
∂ρ
∣∣∣
ρ=ρ⋄
= 0, (28)
which would minimize ∆¯. Since ρ⋄ would be different if the
weighting coefficient w is changed, we rewrite the solution ρ⋄
as a function of w, i.e., ρ⋄(w).
However, explicit ρ⋄(w) is not available in general. To solve
Problem 1, therefore, we have proposed an iterative algorithm
based on Newton’s method, as shown in Algorithm 1. Then
we have
∆¯∗ = ∆¯ |ρ=ρ⋄(w), 0 ≤ w ≤ 1. (29)
V. NUMERICAL RESULT
In this section, we present the obtained results through nu-
merical results. We set the system bandwidth to W = 1MHz,
the noise spectrum density to N0 = 4 × 10
−7, the distance
between the access point and the smart device to d = 1.5m,
and the path-loss exponent to α = 2. The total power at the
access point set to Pt = 0.01W, including the power ρ¯Pt
for information transmission and the power ρPt for energy
transfer. The transmit power of the smart device is set as
Pu =
ρPt
λdα . The length of each packet is l = 100 nats and the
block length is TB = 10
−3 s. The Rayleigh channel parameter
is λ = 3. The energy transfer efficiency is η = 0.5.
A. Weighted-Sum Average AoI
We present the weighted-sum average AoI ∆¯ = w¯∆¯D +
w∆¯U in Fig. 3. As shown in Fig. 3(a), ∆¯ goes to infinity
either when the power-splitting ratio ρ approaches to zero or
unity and achieves its minimum when ρ is neither too large nor
too small. In fact, as ρ approaches zero, the power allocated
to downlink information transmission would be very small,
leading to large downlink service times and large downlink
average AoI. On the other hand, when ρ approaches unity,
the power allocated to downlink energy transfer (then for the
uplink transmissions) would be very small, leading to large
period of energy collecting and large average uplink AoI.
Moreover, we see in the left part of Fig. 3(a) that, the larger
weighting coefficient w is, the more the average uplink AoI
(which is large) influences ∆¯, so we have a larger ∆¯. On right
part of Fig. 3(a), the average uplink AoI becomes smaller since
ρ gets larger (i.e., more energy can be harvested). Thus, ∆¯
would be small when w is large. Note that, the three curves
do not intersect with each other at the same point.
In Fig. 3(b), we search the minimum weighted-sum average
AoI ∆¯∗ for each w. It is seen that ∆¯∗ is increasing with w in
the left part and is decreasing as w approaches unity. Due to
the inefficiency and the randomness of the energy harvesting
process, the average uplink AoI is much lager than the average
downlink AoI. To be specific, ∆¯∗ achieve its minimum as the
uplink weight w is zero. When w is increased, the uplink
AoI contributes more to ∆¯, which lead to a larger ∆¯. As w
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Fig. 3. Average AoI of the power-splitting system.
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Fig. 4. Performance comparison between time-splitting systems and the power-splitting systems.
approaches unity, however, ∆¯ will decrease with w. This is
because ∆¯ is optimized over ρ, which will be increased with
w in this case. Thus, the uplink AoI will be decreased. Since
the uplink AoI would dominant ∆¯ as w approaches unity, ∆¯
would also be decreased.
B. Connection with Time-Splitting Two-Way Data Exchange
It has been shown in [11], [12] that the two-way data
exchanging can also be performed through time-splitting. To
be specific, the access point generates a new packet with
probability p in each block. Whenever it has data in its queue,
the access point transmits its data to the smart device using
all of its power. During periods when its queue is empty, the
access point transfers energy to the smart device at its full
power. Upon receiving enough energy, the smart device can
then perform information transmission to the access point. Let
Si be a period transmitting information to the smart device and
Ii be a period transferring energy to the smart device, the ratio
between the power for energy transfer and the total power is
ρTS = lim
N→∞
∑KI
i=1 Ii∑KI
i=1 Ii +
∑KS
i=1 Si
, (30)
where KI is the number of periods transferring energy and KS
is the number of periods transmitting data to the smart device.
Since
∑KI
i=1 Ii +
∑KS
i=1 Si = N and
lim
N→∞
1
N
KS∑
i=1
Si = lim
N→∞
KS
N
1
KS
KS∑
i=1
Si
= pE[Si]
= p(1 + θ), (31)
where θ = λlN0d
α
PtTB
, we have
ρTS = 1− p(1 + θ). (32)
In Fig. 4, we present the weighted-sum average AoI and
data rate when the same portion of power is transferred to
the smart device, i.e., ρ = ρTS. From Fig. 4(a), we observe
that the weighted-sum data rates are almost the same for the
time-splitting and power-splitting system. That is, with the
same allocation of the available power between information
transmission and energy transfer, we achieve the same data rate
in these two systems. In Fig. 4(b), we see that the weighted-
sum AoI of the time-splitting system is close to that of a
power-splitting system when p is small and is larger than that
of a power-splitting system when p is large. Note that when
p is large, the weighted-sum AoI is dominated by the average
uplink AoI. In the time-splitting system, since the uplink
service time of a packet consists of the downlink busy periods
(no energy transferred) and the period of energy harvesting, the
corresponding variation would be larger than that of a power
splitting system, which leads to larger uplink AoI.
VI. CONCLUSION
In this paper, we considered the timeliness and efficiency of
the two-way data exchanging system with an access point and
a powerless smart device. Using power splitting, the access
point transfers a part of its energy to the smart device so
that the device can transmit its own data back. We derived
closed form expressions for the average downlink and uplink
AoI. We also investigated the weighted-sum average AoI
minimizing power-splitting ratios and weighting coefficients
of the system. Our results presents a full characterization for
the timeliness of the two-way data exchanging system and
shed lights on the system design for two-way data exchanging
with different priorities in the two directions. In the future, we
will investigate the impact of the relay node and the digital
network coding on the timeliness of the system.
APPENDIX
A. Proof of Proposition 1
Proof: Denote the PGF of the amount of information bdn
transmitted in a block as f1(x), and denote the p.d.f. of the
amount of information transmitted in k (k = 1, 2, 3 . . .) blocks
as fk(x). According to [11], [12], we have following results
f1(x) =
1
v
e−
x
v , (33)
fk(x) =
1
Γ(k)vk
xk−1e−
x
v , (34)
6where v = ρ¯PtTBλN0dα . Thus, the probability that the downlink
service time S equal to j which is the number of blocks is
given by
pSj = Pr
{
j−1∑
i=1
bi < l,
j∑
i=1
bi > l
}
=
∫ l
0
fj−1(y)dy
∫ ∞
l−y
f1(x)dx
=
∫ l
0
1
(j − 2)!v(j−1)
y(j−2)e−
y
v dy
∫ ∞
l−y
1
v
e−
x
v dx
=
(λlN0d
α
ρ¯PtTB
)j−1
(j − 1)!
e
−
λlN0d
α
ρ¯PtTB =
( θρ¯)
j−1
(j − 1)!
e−
θ
ρ¯ , (35)
where θ = λlN0d
α
PtTB
. This proves Proposition 1.
B. Proof of Theorem 1
Proof: According to (5), (6) and Fig. 2, we rewritten (5)
as
∆¯D = lim
N→∞
1
N
K−1∑
k=1
Qk
= lim
N→∞
K − 1
N
1
K − 1
K−1∑
k=1
Qk
=pE(Qk), (36)
where p is the downlink average data rate.
The average area of each Qk becomes
E(Qk) =E
[
1
2
(Sk−1 + Sk)(Sk−1 + Sk + 1)−
1
2
Sk(Sk + 1)
]
=E2(Sk) +
1
2
E(S2k) +
1
2
E(Sk). (37)
Combining the above results, we then have
∆¯D = E(Sk) +
1
2
+
1
2
E(S2k)
E(Sk)
= 1 +
θ
ρ¯
+
( θρ¯ )
2 + 4 θρ¯ + 2
2(1 + θρ¯ )
, (38)
which proves Theorem 1.
C. Proof of Proposition 2
Proof: In the uplink data transmission, we set the transmit
power PU as
ρPt
λdα . Then the first two order moments of the
numbers of blocks for the smart device to perform a block of
transmission are, respectively, given by
E(si) =
∞∑
j=1
Pr{s = j}j =
1
η
+ e−
1
η , (39)
E(s2i ) =
∞∑
j=1
Pr{s = j}j2 =
1
η2
+
1
η
+ e−
1
η . (40)
According to (19), (20) and (21), the first two order mo-
ments of uplink service time SU are
E(SU) =E(S)E(si) =
(
1 +
λθdα
ρ
)(1
η
+ e−
1
η
)
, (41)
E(S2U) =E(S)E(s
2
i ) + E(S
2 − S)E2(si)
=
(
1 +
λθdα
ρ
)( 1
η2
+
1
η
+ e−
1
η
)
+((λθdα
ρ
)2
+
2λθdα
ρ
)(1
η
+ e−
1
η
)2
. (42)
This completes the proof of Proposition 2.
D. Proof of Theorem 2
Proof: We use a similar method to study the average
downlink AoI as that in studying the uplink case. Based on
(19) and (20), we have the following result
∆¯U =
1
E(SU)
(
E
2(SU) +
1
2
E(S2U) +
1
2
E(SU)
)
=
3
2
(
1 +
λθdα
ρ
)(1
η
+ e−
1
η
)
+
1
2
+
1
2
1
η + η2e−
1
η
−
1
2
ρ
ρ+ λθdα
(1
η
+ e−
1
η
)
, (43)
which proves Theorem 2.
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